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A useful approach in palaeomicrobiology is to obtain independent verification of findings by seeking 93 different specific biomarkers in individual specimens. Our group has concentrated on initial 94 examination for aDNA and subsequent independent analysis of mycobacterial specific cell wall 95 lipids. 13 Until recently, our aDNA data have been obtained by DNA amplification using PCR, first 96 conventional single-stage or nested PCR, and more recently using real-time PCR with specific 97 fluorescent probes and primers for selected target regions. As aDNA is often highly fragmented, the 98 use of specific probes has been very productive as they enable specific detection of selected target 99 regions of as little as 60-80 base pairs (bp). The development of Next Generation Sequencing (NGS) 100 and sophisticated bioinformatic analysis has enabled sequencing and analysis of non-amplified DNA 101 using targeted enrichment approaches.
14,15 Rarely, in exceptionally well-preserved material, it is 102 possible to perform shot-gun sequencing without target enrichment and to obtain an analysis of the 103 entire DNA within a sample. This has been achieved for M. leprae found in mediaeval dental pulp 15 and in extremely well preserved lung tissue from a naturally mummified individual from 18 th century 105 Vác, Hungary. 
DNA amplification and detection 137
In the current protocol, two specific regions of each organism are targeted, using repetitive elements 138 to increase the likelihood of detection of pathogen aDNA. For the M. tuberculosis complex, IS6110 (1-139 25 copies/cell) and IS1081 (6 copies/cell) are used. 18 For M. leprae, RLEP (37 copies/cell) and 140 REPLEP (15 copies/cell) are used. 19 Initially, conventional PCR was used, with primers targeting DNA 141 regions of around 90-bp to 123-bp. PCR was performed in two stages, with 45 rounds of amplification 142 followed, if necessary, by a nested reaction using internal primers, with a further 25 cycles of 143 amplification. PCR products were detected by agarose gel amplification, gel slices were removed, the 144 PCR products purified and sequenced. As aDNA is highly fragmented specific primers and fluorescent 145 probes have since been designed to enable shorter DNA fragments to be specifically detected (Table 1) . 2 This can be studied directly in past populations, allowing the effects of 185 industrialization, population density and large population movements to be examined. 
Past co-infections 208
The ability of aDNA studies to detect and characterize mixed infections had not been an original aim 209
and it was by chance that co-infections of M. tuberculosis and M. leprae were detected. 27 Using 210 conventional PCR, a decision has to be made on which organisms to target in a sample and choice ofM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
8 primers is made accordingly. Mixed infections were discovered when mediaeval leprosy samples were 212 examined for evidence of M. tuberculosis after contemporary co-infections were reported. This has led 213 to an on-going debate on the possible sequence of events in the decline of leprosy in late Mediaeval 214 Europe and whether TB had any role in bringing this about. 215
Thereafter, other examples of co-infections were sought. Another disease known in antiquity was 216 malaria, in particular that caused by Plasmodium falciparum. Co-infection of M. tuberculosis and 217 parasites is an important public health problem in co-endemic areas of the world today, and is therefore 218 likely to have been so in the past. This has been demonstrated in ancient Lower Egypt dating to c. 800 219 BC, where four mummies were found with aDNA from both M. tuberculosis and P. falciparum.
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Intestinal and systemic parasites were widespread in the past, also was the carriage of ectoparasites. In 221 addition, it is highly likely that future whole genome studies will identify multiple bacterial and viral 222 infections within individual human archaeological remains, in addition to associations of infection with 223 co-morbidities such as host immune or genetic disorders and cancer. Such complex scenarios form the 224 backdrop to the emergence of modern pathogens and we should endeavour to increase our 225 understanding of the factors involved. 226
Whole genome sequencing makes it feasible to detect different strains of the same pathogen within a 227
host. This scenario was demonstrated in 18 th century naturally mummified lung, where two M. 228 tuberculosis strains were detected, apparently one more ancestral than the other and both resembling a 229 modern outbreak strain, which is closely related to modern Haarlem and Erdman strains. 16 This may be 230 relevant as a recent study of current mixed strain infections 29 found that the Haarlem and Beijing 231 genotypes are more likely to occur in a mixed infection than any of the other genotypes tested 232 suggesting pathogen-pathogen compatibility. There is evidence for intra-strain gene flux in M. 233 tuberculosis 22 and this is likely to be significant in the emergence of modern M. tuberculosis strains 234 that are rapidly diversifying, due to mutation, recombination and natural selection. The authors appreciate the contribution made by the many collaborating laboratories, researchers and 257 students on this project -also the authorities that made this work possible. 
